M ast cells are central actors in the development of allergy.
Circulating mast cell precursors, derived from pluripotent hematopoietic stem cells, express the Kit tyrosine kinase receptor for the chemoattractant mast/stem cell growth factor, which is produced in numerous organs. 1, 2 These precursors migrate into tissues where they differentiate to form mature mast cells, which contain granules loaded with various mediators, including amines (histamine and serotonin), heparin, and proteases (tryptase, chymase, carboxypeptidase A3, and renin). [3] [4] [5] [6] [7] Mature mast cells are widely distributed throughout the body, especially in organs directly exposed to environment (skin, airways, and gastrointestinal tract) and in a lesser extent in the cardiovascular system. 3, 8 The number of mast cells infiltrating organs substantially increases in different human pathologies, including fibrosis in heart and renal failures. 4, 8, 9 Adrenal production of aldosterone, which is a major regulator of electrolyte balance and body-fluid homeostasis, is under control of the circulating renin-angiotensin system (RAS) and plasma potassium. It is also well demonstrated that mineralocorticoid secretion by adrenocortical cells is influenced by bioactive signals released in the vicinity of steroidogenic cells by various cell types. [10] [11] [12] [13] Especially, there are several reports that suggest that adrenal mast cells regulate aldosterone release and thus participate in the maintenance of hydromineral homeostasis. 14, 15 In rats, it has been demonstrated that mast cells located in the wall of adrenal arterioles close to the gland capsule indirectly modulate aldosterone production by increasing the adrenal blood flow. 14 In addition, mast cell secretory products, like serotonin, may also directly stimulate aldosterone secretion. 16, 17 In the human adrenal, mast cells, located in the subcapsular region of the gland, release serotonin, which stimulates aldosterone production. 15, 18 In addition, mast cells may be involved in adrenocortical pathophysiology. Indeed, it has recently been shown that aldosterone-producing adenoma tissues contain a high density of mast cells, which is correlated with plasma aldosterone levels. 19 In addition, mast cell-conditioned culture medium increases aldosterone production and expression of aldosterone synthase-the enzyme catalyzing the final steps of aldosterone synthesis-in the human adrenocortical cell line H295R. 19 Altogether, these data suggest that adrenal mast cells regulate the mineralocorticoid function by different mechanisms, including the modulation of adrenal blood flow and the local release of various bioactive signals capable of influencing the secretory activity of adrenocortical cells. We have thus decided to investigate aldosterone secretion in Abstract-Resident adrenal mast cells have been shown to activate aldosterone secretion in rat and man. Especially, mast cell proliferation has been observed in adrenal tissues from patients with aldosterone-producing adrenocortical adenoma.
In the present study, we show that the activity of adrenal mast cells is stimulated by low-sodium diet and correlates with aldosterone synthesis in C57BL/6 and BALB/c mice. We have also investigated the regulation of aldosterone secretion in mast cell-deficient C57BL/6 Kit W-sh/W-sh mice in comparison with wild-type C57BL/6 mice. Kit W-sh/W-sh mice submitted to normal sodium diet had basal plasma aldosterone levels similar to those observed in wild-type animals. Conversely, low-sodium diet unexpectedly induced an exaggerated aldosterone response, which seemed to result from an increase in adrenal renin and angiotensin type 1 receptor expression. Severe hyperaldosteronism was associated with an increase in systolic blood pressure and marked hypokalemia, which favored polyuria. Adrenal renin and angiotensin type 1 receptor overexpression may represent a compensatory mechanism aimed at activating aldosterone production in the absence of mast cells. 
Methods

Animals
In vivo experiments were performed on BALB/c, C57BL/6 (Janvier, Le Genest Saint Isle, France), and C57Bl/6 Kit W-sh/W-sh (Jackson Laboratory, Bar Harbor) mice. The study protocol is described in the online-only Data Supplement. All procedures were approved by the Normandy Regional Ethics Committee and performed in accordance with the European Committee Council Directive.
Physiological, Biochemical, and Histological Studies
Body weight, food consumption, water intake, urine excretion, and blood pressure were daily measured as described in the online-only Data Supplement. For details on plasma and urine analyses, see Methods in the online-only Data Supplement. Gene expression was assessed by quantitative reverse transcription polymerase chain reaction analysis with specific primers (Table S1 in the online-only Data Supplement). Histological and immunohistochemical studies were performed on adrenal and kidney tissue sections (Methods in the online-only Data Supplement).
Statistical Analysis
Data were expressed as mean±SEM values. The Spearman correlation test was used to evaluate a possible correlation between Cyp11b2 and Tpsb2 gene expression. Statistical significance between the 2 mouse strains (unpaired data) was analyzed by using the nonparametric Mann-Whitney U test. For each mouse strain, variations of clinical and biochemical data induced by sodium restriction (paired data) were examined by the nonparametric Wilcoxon test. A P value <0.05 was considered statistically significant. All analyses were performed using GraphPad Prism software (La Jolla).
Results
Role of Mast Cells in Control of Aldosterone Secretion
Because mast cells have been reported to be more abundant in adrenals of BALBc than in that of C57BL/6 mice, female than male, and old than young animals, 21 we have studied the role of mast cells in the regulation of aldosterone synthesis by using old (9 months) female BALB/c and C57BL/6 mice. As expected, density of mast cells in the subcapsular region of adrenal cortex (ie, zona glomerulosa [ZG]) was higher in BALB/c than C57BL/6 mice (14±3 versus 4±2 cells/mm 2 ; P=0.03; Figure  S1 ). Mast cells surrounded by remnants of secreted granules were detected close to steroidogenic cells immunoreactive to aldosterone synthase, suggesting that these immune cells release bioactive factors in the vicinity of aldosterone-producing cells (Figure 1 ). We have assessed the effect of lowsodium diet on expression of Tpsb2-encoding tryptase-a mast cell-specific protease which reflects mast cell activation-and genes encoding steroidogenic enzymes involved in aldosterone synthesis (Figure 2A ; Figure S2 ). Low-sodium diet increased adrenal Tpsb2 and Cyp11b2 mRNA levels in both 9-month-old female BALB/c and C57BL/6 mice, indicating that not only aldosterone-producing cells but also adrenal mast cells were activated by Na + restriction (Table S2A ). In addition, a positive correlation between Tpsb2 and Cyp11b2 adrenal mRNA levels was observed in the 2 mouse strains but appeared stronger in BALB/c than C57BL/6 mice (r=0.83; P=0.0003 versus r=0.63; P=0.01; Figure 2B ). Conversely, adrenal expression of Cyp11a1, Hsd3b1, and Cyp21a1 mRNAs was exclusively enhanced in sodium restricted-C57BL/6 mice ( Figure S2 ). As expected, low-sodium diet elevated plasma and urine aldosterone concentration, as well as plasma renin activity in the 2 animal models (Figure 2C through 2E ; Table S3 ). However, the stimulatory effect of low-sodium diet on plasma aldosterone level was more pronounced in 9-month-old female BALB/c than C57BL/6 mice, whereas it was similar on plasma renin activity in the 2 strains. Consequently, the aldosterone-to-renin ratio was higher in BALB/c than C57BL/6 mice on low-sodium diet (17.3±4.4 versus 5.3±1.9 pg/mL per 5-FAM mmole·mL·h; P=0.03; Figure 2F ; Table S3 ), indicating that the aldosterone response to sodium deprivation is less dependent on plasma renin activity in BALB/c than C57BL/6 mice. These data suggest that in addition to the circulating RAS, factors released by adrenal mast cells may activate aldosterone production.
To further investigate the contribution of mast cells to the maintenance of adrenal mineralocorticoid production, we have used the mast cell-deficient Kit W-sh/W-sh mouse model in comparison with young (3 months) male C57BL/6 mice, known to have few mast cells in adrenals. As expected, no mast cell was detected in adrenal sections of 3-month-old male Kit W-sh/W-sh mice, whereas rare mast cells were observed in the parenchyma of the cortex in 3-month-old male wildtype (WT) C57BL/6 mice ( Figure S1 ). In addition, some mast cells were present at the periphery of the adrenal gland, especially in the capsule and the periadrenal fat tissue, in the vicinity of arterioles entering the gland. Mast cell deficiency in Kit W-sh/W-sh mice has also been assessed by RT-PCR experiments. Expression of Tpsb2 mRNA encoding tryptase could not be detected in Kit W-sh/W-sh mice, whereas Cpa3 mRNA, encoding carboxypeptidase A3 known to be expressed by mast cells and polynuclear basophils, 22 was expressed at lower levels in adrenal from Kit W-sh/W-sh than WT mice ( Figure S2 ; Table  S2B ). By contrast, transcription levels of Kit-the gene encoding the stem cell factor receptor-expressed by mast cells and several stem cell types, including adrenocortical progenitors, 23 were similar in adrenals from WT and Kit W-sh/W-sh mice. Lowsodium diet enhanced adrenal expression of Kit and Tpsb2 in WT animals but had no effect in Kit W-sh/W-sh mice.
Mast Cell Deficiency Potentiates the Aldosterone Response to Sodium Restriction
Plasma and urine aldosterone concentrations were in the same range order in 3-month-old male Kit W-sh/W-sh and WT mice on normal sodium diet ( Figure 3 ; Table S4 ). By contrast, plasma and urine aldosterone levels were 3-and 5-fold higher in Kit W-sh/W-sh than WT mice on low-sodium diet (4780±1116 versus 1516±223 pg/mL; P=0.005 and 29.47±4.89 versus 5.81±0.72 ng/g body weight per 7 days; P=0.004, respectively), indicating that mast cell-deficient mice develop severe hyperaldosteronism on sodium restriction. Moreover, adrenal expression of Hsd3b1 and Cyp11b2 mRNAs significantly increased on low-sodium diet in Kit W-sh/W-sh mice ( Figure 3C ; Figure S4 ; Table S2B ). In addition, areas of the adrenal cortex immunoreactive to aldosterone synthase and Dab2 (disabled homolog 2)-a specific marker of ZG-were 3× and 2.5× larger in Kit W-sh/W-sh mice than WT animals on low-sodium diet, respectively ( Figure 3D and 3E) .
We have then examined whether Kit W-sh/W-sh mice develop signs of hyperaldosteronism on sodium restriction ( Figure 4 ; Table  S4 ). Plasma K + concentration was more reduced in 3-monthold male Kit W-sh/W-sh mice than in WT animals (4.20±0.07 versus 4.67±0.13 mmol/L, respectively; P=0.03), whereas plasma Na + levels were similar in the 2 mouse strains. Furthermore, we observed that water intake and urine excretion were dramatically increased during sodium restriction in Kit W-sh/W-sh mice, whereas body weight and food intake remained stable (Figure 4 ; Figure S3 ). Elevation of water intake and diuresis were associated with a decrease in urine osmolality (from 2338±206 to 757±120 mOsm/kg; P<0.0001). Massive urine production persisted during water restriction for 4 hours in Kit W-sh/W-sh mice on low-sodium diet, revealing the occurrence of diabetes insipidus, which may result from hyperaldosteronism ( Figure 4D ). Indeed, we observed an increase in diuresis in WT mice treated with the mineralocorticoid receptor agonist fludrocortisone (25 mg/ kg for 7 days; Figure S4 ), as reported previously. 24 Finally, lowsodium diet was found to induce a delayed increase in systolic blood pressure in Kit W-sh/W-sh mice (from 90.8±5.4 at 12th day to 124.3±2.8 mm Hg at 19th day; P=0.02), which was not observed in WT animals ( Figure 4E ). By contrast, heart rates were in the same range order under normal and low-sodium diets in both Kit W-sh/W-sh and WT mice (Table S4) .
Severe Hyperaldosteronism Secondary to Sodium Restriction Is Not Caused by Renal Renin Overproduction in Mast Cell-Deficient Mice
To elucidate the mechanism responsible for the severe hyperaldosteronism in Kit W-sh/W-sh mice on low Na + diet, we have evaluated the activation of the RAS in the 2 mouse strains. On normal Role of mast cells in aldosterone production in C57BL/6 and BALB/c mice. A, Expression levels of mRNAs encoding tryptase beta 2 (Tpsb2; left) and aldosterone synthase (Cyp11b2; right) in adrenals from 9-mo-old female C57BL/6 (white) and BALB/c (black) mice on normal and low-sodium diets. B, Correlations between Tpsb2 and Cyp11b2 mRNA expression levels in adrenals from C57BL/6 and BALB/c mice. C-F, Urinary aldosterone excretion (C), plasma aldosterone concentration (D), plasma renin activity (E), and plasma aldosterone-to-renin ratio (F) in C57BL/6 and BALB/c mice on normal and low-sodium diets for 7 d. *P<0.05, **P<0.01, ***P<0.001.
sodium diet, expression level of Ren1 mRNA was significantly more elevated in kidneys from 3-month-old male Kit W-sh/W-sh mice than WT animals (2.45±0.24 versus 1.07±0.09; P=0.004), whereas the density of renin-immunoreactive juxtaglomerular apparati and plasma renin activity were similar in both strains ( Figure 5 ). As expected, low-sodium diet increased renal Ren1 mRNA levels, the number of renin-immunopositive juxtaglomerular apparati in kidneys, and plasma renin activity in WT mice. By contrast, sodium restriction reduced by 35 
Mast Cell Deficiency Increases Adrenal Renin Expression in Response to Sodium Restriction
Because the adrenal cortex contains a local RAS that operates independently of the renal renin, 25 we have explored this system in our 2 mouse strains. Adrenal Ren1 expression increased in 3-month-old male Kit W-sh/W-sh mice by 394±45.3% but remained unchanged in WT mice in response to low-sodium diet ( Figure 6 ). In addition, an intense renin immunostaining appeared in adrenal ZG from Kit W-sh/W-sh mice after sodium restriction, whereas renin immunolabeling was similar in adrenal cortices from WT animals fed with normal and low-sodium diets.
To investigate the impact of mast cell deficiency on the other actors of the RAS in the adrenals, we have quantified expression of genes encoding angiotensinogen (Agt), angiotensin-converting enzyme (Ace), and angiotensin type 1a receptor (At1ra) in 3-month-old male WT and Kit W-sh/W-sh mice. Both Agt and Ace mRNA levels were in the same range order in adrenals from WT and Kit W-sh/W-sh mice fed with normal and low-sodium diets (Table  S2B) . At variance, low-sodium diet doubled adrenal expression of At1ra mRNA in Kit W-sh/W-sh mice in comparison with normal sodium diet (from 0.75±0.20 to 1.60±0.24; P=0.02), whereas sodium restriction had no effect in WT animals ( Figure 6E ). Taken collectively, these data suggest that in Kit W-sh/W-sh mice submitted to low-sodium diet, mast cell deficiency is compensated by an enhancement of adrenal renin expression associated with an increase in adrenocortical angiotensin II sensitivity.
Discussion
In the present study, we have investigated the role of mast cells in the regulation of aldosterone secretion by using different (grey) mice on normal and low-sodium diets. B and C, Renin immunoreactivity in adrenals from 3-mo-old male WT (left) and Kit W-sh/W-sh (right) mice on normal (B) and low (C) sodium diets. D, Surface of adrenocortical renin-immunopositive area. E, Expression levels of mRNA encoding angiotensin receptor type 1a (At1ra; H) in adrenals. Scale bars, 50 μm. Ca indicates capsule; and ZG, zona glomerulosa. *P<0.05, **P<0.01. mouse strains. As previously shown in mice adrenals, 21 mast cells were detected in the ZG of the cortex, in particular, in old female BALB/c and C57BL/6 animals. The presence of mast cells in the wall of adrenal arterioles suggests that these immune cells may indirectly influence steroid secretion by modulating arterial blood flow, as already described in rat adrenals. 14 In addition, our histological study showing closed contacts between mast cells and aldosterone-producing cells suggests the occurrence of a paracrine communication between these 2 cell types. In fact, in vitro experiments conducted on human mast and adrenocortical cell lines or adrenal explants have shown that adrenal mast cell degranulation stimulates aldosterone production. 15, 19 Up to now, the physiological conditions inducing activation of adrenal mast cells remained unknown. Herein, we noticed a positive correlation between adrenal Tpsb2 and Cyp11b2 expression levels, suggesting that both genes are coregulated. Because expression of Cyp11b2 is under control of the RAS, we have evaluated the activation of mast cells in response to sodium restriction. Upregulation of Tpsb2 gene expression-a marker of mast cell activation-observed in adrenals from both BALB/c and C57BL/6 mice, indicated that sodium restriction leads to activation of intraadrenal mast cells. It is possible that this process may be mediated by circulating angiotensin II, which has been shown to induce mast cell degranulation through the AT2 receptor in rats. 26 We have then decided to further investigate the contribution of mast cells in the regulation of aldosterone production in mast cell-deficient mice. Several mouse models have been used to analyze in vivo biological functions of mast cells, including those harboring mutations of the white spotting locus (W), which includes Kit-the gene encoding the kit receptor required for proliferation and migration of several stem cell types, including adrenocortical progenitors. 23, 27 Interestingly, an inversion mutation in the transcriptional regulatory elements upstream of the Kit transcription start site (Kit W-sh ) has been shown to inhibit mast cell maturation without affecting proliferation of several stem cell types. 20 Normal adrenal size, histology, and steroidogenenic activity in Kit W-sh/W-sh mice indicate that this mutation does not affect the adrenocortical stem/progenitor cell lineage. Mast cell density being low in adrenals of young male C57BL/6 mice, it was assumed that adrenal global expression of Kit mRNA would mainly be ascribed to stem/ progenitor adrenocortical cells. In agreement with this hypothesis, our present study shows that expression of Kit was similar in adrenals from Kit W-sh/W-sh and WT mice, whereas Tpsb2 transcript, which exclusively reflects the presence of mast cells in the adrenal tissue, was totally absent in adrenals from Kit W-sh/W-sh animals. These data thus confirm that only mast cell lineage was affected in Kit W-sh/W-sh mice. For this reason, we have chosen this mast cell-deficient model to explore the contribution of mast cells to the regulation of aldosterone synthesis.
Because adrenal resident mast cells activate aldosterone secretion in rats and humans, 14, 15 it was presumed that Kit W-sh/W-sh mice would exhibit lower plasma aldosterone levels than WT mice. Surprisingly, aldosterone levels, as well as density of renin-producing glomerular appariti and plasma renin activity, were similar in the 2 mouse strains on normal sodium diet. These observations demonstrate that neither the systemic RAS nor aldosterone secretion is affected by the absence of mast cells on normal sodium diet. By contrast, sodium deprivation provoked an exaggerated aldosterone response, associated with hyperplasia of the ZG of the adrenal together with an increase in Hsd3b1 and aldosterone synthase expression in male Kit W-sh/W-sh mice. The mechanism of hypertension observed in male Kit W-sh/W-sh mice under sodium restriction is not clearly evident because in humans, low-sodium diet favours a decrease in blood pressure, despite increased plasma aldosterone levels. 28 It is likely that the absence of mast cells, which are normal constituents of the vessel wall and influence vasomotricity in a paracrine manner, 29 may alter the vascular action of aldosterone. Conversely, the profound decrease in kalemia can be attributed to the severe hyperaldosteronism. A similar interpretation can be proposed for polyuria which (1) was associated with a decrease in urinary osmolality, (2) appeared concomitant with the reduction in kalemia, (3) persisted after water restriction, and (4) was observed in WT mouse strain under fludrocortisone treatment. In fact, it is known that an increase in mineralocorticoid levels results in increased urine excretion and water intake in mice. 24, 30 This phenomenon is attributed to aldosterone-induced hypokalemia, which leads to decreased sensitivity of the nephron to the action of vasopressin and thus to hypotonic polyuria and can be reproduced by the administration of exogenous mineralocorticoids, such as fludrocortisone. 24 Polydipsia then appears as a consequence of polyuria. Such pathological process has also been documented in patients with primary aldosteronism. 31 Alternatively, polyuria observed in male Kit W-sh/W-sh mice in response to sodium restriction cannot be ascribed to mast cell deficiency at the distal tubule level because, like the normal human kidney, the renal parenchyma of WT mice is devoid of mast cells. [32] [33] [34] Because female mice exhibit a higher aldosterone production than males, both in different inbred strains and models of hyperaldosteronism, [35] [36] [37] it is likely that the phenotype would have been more pronounced in female Kit W-sh/W-sh mice than in males. It is well established that stimulation of aldosterone secretion by sodium restriction is mediated by the circulating RAS. It is also known that the adrenal cortex expresses the diverse components of the RAS. 12, 25, 38, 39 In the rat adrenal, renin is principally synthesized in ZG cells, and its secretion can be activated by angiotensin II and high K + levels. 38, 39 Interestingly, the adrenal expression of RAS can be influenced in mice by genetic events affecting proteins involved in the control of aldosterone synthesis, such as aldosterone synthase and membrane potassium channels. 40, 41 It seems, therefore, that adrenal RAS is an adaptive pathway, which can reinforce the classical regulatory systems of mineralocorticoid synthesis. All these observations prompted us to investigate renin expression in kidneys and adrenals of our mouse models. At variance with what is noticed in WT mice, the density of renin-producing juxtaglomerular apparati and plasma renin activity were not influenced in Kit W-sh/W-sh mice by sodium restriction, which was associated with a paradoxical decrease in renal renin mRNA levels. By contrast, our results showed that in mast cell-deficient mice, sodium deprivation increases adrenal expression of renin and angiotensin receptor, which may be responsible for the exaggerated aldosterone response. Severe hyperaldosteronism may secondarily repress renal renin mRNA expression. Activation December 2017 of adrenal RAS may also be involved in ZG hyperplasia because it has been reported that this local system is an important regulator of ZG trophicity and expression of aldosterone synthase. 38 It is interesting to notice that upregulation of renin in the adrenal cortex has previously been reported in neonatal mice in which the renal tissue is still immature and consequently unable to produce sufficient amounts of renin. 42, 43 Overexpression of intraadrenal renin in Kit W-sh/W-sh mice may thus represent a compensatory process, which seems to exceed its goal because the aldosterone response to sodium restriction is potentiated in comparison with WT mice. However, the design of our study does not allow establishing any causative link between activation of adrenal RAS and severe hyperaldosteronism observed in mast cell-deficient mice.
The bioactive signals involved in the control of aldosterone secretion in the mouse adrenal by mast cells remain to be characterized. It is possible that like in the human adrenal gland, 15, 19 serotonin may be the major paracrine factor involved in this process. However, it is well established that mast cells also synthesize and secrete numerous bioactive factors, such as cytokines and histamine, capable of influencing adrenal steroidogenesis.
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Perspectives
The present study shows that the activity of adrenal mast cells is stimulated by low-sodium diet and correlates with aldosterone synthesis in WT mice. Taken together with the observation that mast cell-deficient mice exhibit functional alterations in mineralocorticoid production, these data indicate that mast cells are involved in the regulation of mineralocorticoid function in mice. It thus seems that mast cell-deficient mice will constitute a suitable model for future studies aimed at investigating the regulation of aldosterone secretion by mast cells. C57BL/6 Kit W-sh/W-sh mice also represent an unexpected animal model of primary (ie, independent of the circulating RAS) aldosteronism, which has the particularity to be triggered by sodium restriction.
